Lactophorin is a heat-stable phosphoglycoprotein, also known as milk glycosylation-dependent cell adhesion molecule 1 (GlyCAM-1). Bovine 18 kDa lactophorin was purified by heparin affinity chromatography from cow's milk whey. Its N-glycans were obtained by proteomic techniques, including two-dimensional polyacrylamide gel electrophoresis (2D-PAGE), followed by in-gel digestion with peptide-N 4 -(N-acetyl--glucosaminyl)-asparagine amidase (PNGase F). The released N-glycans were derivatized with 2-aminopryridine (PA) and analyzed by matrix-assisted laser desorption ionization quadruple ion trap time of flight mass spectrometry (MALDI-QIT-TOF MS). Among the MS analyzed peaks, 15 peaks were found to be N-glycan molecules as detected by MS 2 analysis. These glycans consisted of mono-sialylated bi-, tri-, and tetra-antennary complex-type N-glycans carrying Gal-GlcNAc (LacNAc) or GalNAc-GlcNAc (LacdiNAc) with and without core-fucose.
Lactophorin (LP), also called proteose peptone component 3, is a phosphoglycoprotein with an apparent molecular mass of 28 kDa that is found in bovine milk, 1) as well as in the milk of the camel, 2) goat, 3) sheep, 3) and llama. 4) Bovine LP contains 135 amino acid residues and five partial phospholylation sites (Ser 29 , Ser 34 , Ser 38 , Ser 40 , and Ser 46 ), two O-glycosylation sites (Thr 16 , and Thr 86 ) and one N-glycosylation site (Asn 77 ). 1) Bovine LP shows 56% homology to murine glycosylationdependent cell-adhesion molecule 1 (GlyCAM-1), 1, 5) a mucin-like endothelial cell-surface ligand for leukocyte adhesion molecule L-selectin. 6) Hence LP is also called milk GlyCAM-1. 7) LP is a possible ligand of L-selectinlike receptor, and hence it might be involved in the inflammatory response by adhesion between leukocyte and endothelial cell in infancy. To obtain a further understanding of the functional properties and biological roles of LP, it is necessary to identify the glycan structures. Bovine LP comprises two major glycopeptides, of 18 and 28 kDa (LP18 and LP28). LP18 corresponds to the 54-135 C-terminal portion of LP28 and is thought to be hydrolyzed from LP28 by plasmin in the milk.
1) LP exists in a variety of molecular forms 8, 9) determined by their glycan multiplicity. For example, LP18 has one N-glycan (Asn 77 ) and one O-glycan (Thr 86 ).
1)
Girardet et al. 10) investigated the structures of the Nglycans of LP using concanavalin A (ConA) affinity chromatography to purify heated skim milk (containing both LP18 and LP28), followed by lysis of the ConAbound fraction with pronase E and separation of the lysates by high-pH anion-exchange chromatography. The glycopeptide fractions were then subjected to methylation analysis, mass spectrometry, 400-MHz 1 H-nuclear magnetic resonance (NMR) spectroscopy, and peptide sequence analysis. They identified eight biantenary complex-type structures (Table 1, GP1-8 ).
In the current study, we focused on bovine LP18 and performed a precise polymorphic analysis of its N-glycan structures using a new purification approach, followed by matrix-assisted laser desorption ionization quadruple ion trap time of flight mass spectrometry (MALDI-QIT-TOF MS). The 12 derived N-glycan structures in this study were not the same as those of the previously reported N-glycan structures of LP. Therefore, it can be said that these 12 structures are novel N-glycan structures in LP.
LP has been identified in the heat-stable proteose peptone. In the current study, this fraction was prepared by the method of Kanno. 8, 9) Briefly, mature milk was separated into skim milk and cream by centrifugation. Skim milk was heated at 95 C for 30 min, then cooled to 30 C. The denatured proteins and casein were y To whom correspondence should be addressed. Tel/Fax: +81-58-293-2991; E-mail: suzuki@gifu-u.ac.jp Abbreviations: LP, lactophorin; GlyCAM-1, glycosylation dependent cell adhesion molecule 1; LP28, 28 kDa lactophorin; LP18, 18 kDa lactophorin; Con A, concanavalin A; NMR, nuclear magnetic resonance; MALDI, matrix-assisted laser desorption ionization; QIT, quadruple ion trap; TOF, time of flight; MS, mass spectrometry; 2D-PAGE, two-dimensional polyacrylamide gel electrophoresis; PNGase F, peptide-N 4 -(N-acetyl--glucosaminyl)-asparagine amidase; PA, 2-aminopryridine; LacdiNAc, GalNAc-GlcNAc; LacNAc, Gal-GlcNAc precipitated at pH 4.6, and then removed by centrifugation. The supernatant, comprising the proteose peptone fraction, was adjusted to pH 6.0, dialyzed against reverse-osmosis water, and then freeze-dried prior to purification.
LP18 and 28 have a lysine/arginine-rich helical wheel in their C-termini, and hence we purified them using a heparin affinity chromatography column (1 ml, GE Healthcare, Chalfont St. Giles, UK). The proteose peptone fraction was dissolved to 20 mg/ml in 10 mM sodium phosphate buffer (pH 7.0), then applied to a column equilibrated with the same buffer. The bound fraction was eluted from the column with 10 mM sodium phosphate buffer containing 2 M NaCl.
To identify the components of the heparin-bound fraction, the sample was resolved by two-dimensional polyacrylamide gel electrophoresis (2D-PAGE). Approximately 160 mg of sample was dissolved in sample buffer, and then an IPG strip (Ready Strip, Bio-Rad, Hercules, CA) was caused to swell in PROTEAN IEF Cell (Bio-Rad) following the manufacturer's instructions. The second dimension was performed on 15% SDS-PAGE gels using the PROTEAN3 System (BioRad), as described by Laemmli. 11) After running, the gel was stained with Coomassie Brilliant Blue R-250 to visualize the proteins.
Our results indicate that LP18 comprises at least four isoelectric isoforms (pI 5.0-8.0) (Fig. 1A) . When the bound fraction was immunoblotted with monoclonal anti-LP antibody 1C10, 12) spots corresponding to LP18 were observed (Fig. 1B) .
To determine the structures of the N-glycans, we further analyzed the two isoelectric points identified by 2D-PAGE (spots (a) and (b) in Fig. 1A) . The gels were dehydrated, and the spots were excised and placed in microcentrifuge tubes. In-gel digestion was then conducted by the method of Komoda et al. 13) Briefly, PNGase F (2 units/4 ml, Roche, Mannheim, Germany) and 10 mM phosphate buffer (pH 7.0, 100 ml) were added to the gel sample, and the mixture was incubated at 37 C overnight. The glycans released from the gel were labeled with 2-aminopryridine (PA) using BlotGlyco 14) (Sumitomo Bakelite, Tokyo) according to the manufacturer's instructions. The PA-derivatized glycans were then dried with a centrifugal evaporator and dissolved in 10 ml of 0.1% v/v trifluoroacetic acid, followed by purified via Nutip Carbon (Glygen, Columbia, MD) according to the manufacturer's protocol. Two ml of purified PA-derivatized glycans solution was deposited on a MALDI target plate and allowed to dry. Then 0.5 ml of 2,5-dihydroxybenzoic acid (DHB) solution (10 mg/ml in 0.05% v/v trifluoroacetic acid, 10 mM NaCl, and 50% v/v acetonitrile) was overlaid on the sample and allowed to dry. The sample was measured by MALDI-QIT-TOF MS (Axima Resonance, Shimadzu, Kyoto, Japan) and the positive-ion mode in MS and MS 2 .
The MS spectrum derived from spot (a) in Fig. 1 is shown in Fig. 2 . The spectrum of spot (b) is not shown. The results for both spots are summarized in Table 1 . More than 20 peaks were detected by MS analysis, and 15 peaks were found to be N-glycan molecules by MS 2 analysis. The glycoforms were found to contain an enormous diversity of bi-, tri-, and tetra-antennary complex-type N-glycans. Additionally, we found that some of the LP18 N-glycans contained N-acethylhexos- 1900 2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 3000 3100 3200 3300 3400 MS spectrum of the N-glycans from spot (a) in Fig. 1A . The left-hand axis gives the relative total ion count. Data were acquired in positive ion mode. See the text for details. The positions of sialic acid residues shown outside of the bracket were not unequivocally defined.
amine dimers (Fig. 2) . Although it was impossible to distinguish the monomer properties in this MS analysis, we assumed that these dimers were GalNAc-GlcNAc (LacdiNAc) units based on a previous NMR study 10) that demonstrated glycans carrying Gal-GlcNAc (LacNAc) or LacdiNAc.
The N-glycan structures released from the two isoelectric points (spots (a) and (b) in Fig. 1A) were consistent except for the existence of tetra-antennary molecules (Table 1) . Furthermore, all the glycans analyzed were commonly mono-sialylated on their non-reducing ends, suggesting that isoelectric variations of LP18 can be attributed to differences in O-glycan isomers.
In addition to confirming a previous report of biantennary N-glycan structures (denoted GP5-8 in Table 1 ) by Girardet et al., 10) the current results indicate for the first time of the existence of tri-and tetraantennary molecules (Table 1) . We found these unreported N-glycan molecules in LP. This might have been caused by the specificity of the procedure of LP preparation. Girardet et al. used ConA affinity chromatography, which does not allow tri-or tetra-antennary glycans to form due to the absence of free hydroxyl groups in the pentacore structure of N-glycans. 15) In contrast, the heparin affinity chromatography used in the current study should circumvent this problem.
The LacdiNAc unit was identified in N-glycans derived from LP. This rare LacdiNAc motif is also found in glycodelin, a member of the lipocalin family, which is produced in glands, particularly within reproductive tissues, and may play a role in human fertilization and reproduction.
16) It appears that different glycoforms are found in the amniotic fluid (glycodelin-A), the cumulus matrix (glycodelin-C), the follicular fluid (glycodelin-F), and the seminal plasma (glycodelin-S). While these glycoforms share an identical protein core, they differ in their LacdiNAc-containing N-glycosylation, and these variations in glycans are required for their specific physiological functions. 16, 17) The LacdiNAc structure have also been found in many glycoproteins of the bovine milk fat globule membrane. 18) A previous report indicated that expression of LacdiNAc is associated with functional differentiation of the bovine mammary gland, 19) but the levels of GlyCAM-1 expression in the bovine mammary gland were drastically enhanced during lactation, 20) suggesting that mammary GlyCAM-1 is also involved in the lactation process. We hypothesize that the differing glycosylation levels of lactophorin play a role in mother-to-infant communication via the digestive tract, including functional differentiation and development, similarly to what has previously been demonstrated for glycodelin.
